INTRODUCTION
============

The endothelial cells that surround the lumen of blood vessels are directly exposed to mechanical stresses, chemicals, pathogens, hypoxia, and repetitive inflammatory insults. Previous studies have identified the mechanisms by which these extracellular stresses are sensed and transduced into intracellular biochemical signals in endothelial cells (Bonetti *et al.*, [@B2]; Helenius and Schumacker, [@B12]). Dysregulation of that system leads to pathological changes in conditions such as atherosclerosis and breakdown of tumor vessels (Shimokawa, [@B27]). In response to extracellular stresses, endothelial cells accumulate misfolded proteins, fail to posttranslationally modify secretory proteins, and alter calcium homeostasis, events that elicit the unfolded protein response (UPR), also known as the endoplasmic reticulum (ER) stress response (Shen *et al.*, [@B26]).

The lumen of the ER provides a highly specialized environment for the production of secretory and membrane proteins (Lee, [@B18]; Ellgaard and Helenius, [@B5]). When cells are subjected to extracellular stresses coupled with other ER stress conditions (such as nutrient depletion or severe hypoxia), the acute increase of newly translated secretory proteins imposes a major problem for the cells because of the potential buildup of improperly folded proteins within the ER (Szegedi *et al.*, [@B30]). The initial aim of the UPR is to adapt to changes in the environment and to reestablish the ER's function. This process begins with three ER-resident transmembrane proteins: activating transcription factor 6 (ATF6), protein kinase regulated by RNA (PKR)-like ER kinase (PERK), and inositol-requiring protein 1 (IRE1) (Schröder and Kaufman, [@B24]). When unfolded proteins accumulate within the ER luminal domains, those three proteins act as sentinels, sensing the levels of free 78 kDa glucose-regulated protein (GRP78; also termed BiP), an ER-resident chaperone protein (Lee, [@B17], [@B18]). On imposition of ER stress, the three proteins are released from GRP78 and activated, leading to either transduction of apoptotic signals or transcription of genes encoding molecular chaperones and proteins involved in the ER-associated degradation pathway (Römisch, [@B23]). Given evidence that impaired functioning of ER stress transducers contributes to the degeneration of endothelial cells and atherosclerosis (Zhou *et al.*, [@B36]), understanding how endothelial cells survive ER stress is an important issue for vascular biology. At present, the molecular mechanisms that differentially control survival and apoptotic death of endothelial cells are unclear.

In this study, we identified a novel protein named GRP78-interacting protein induced by ER stress (Gipie) encoded by the *CCDC88B* gene (previously described FLJ00354) that is preferentially expressed in endothelial cells and macrophages. The primary structure of Gipie shows high sequence similarity to that of Girdin, which we have previously identified as a novel actin cytoskeleton-binding protein and Akt substrate that regulates cell migratory responses in various biological contexts (Enomoto *et al.*, [@B6], [@B7], [@B8]; Jiang *et al.*, [@B14], [@B15]; Kitamura *et al.*, [@B16]). Comparison of their sequences indicates only a remote homology between the carboxyl (C)-terminal domains of Gipie and that of Girdin, suggesting that Gipie has a function distinct from that of Girdin. We found that endothelial cell expression of Gipie, which localizes at the ER and Golgi apparatus, is up-regulated by ER stress conditions induced by chemical reagents and experimental vascular balloon injury. Our biochemical studies revealed that Gipie can stabilize the interaction between GRP78 and IRE1, reducing IRE1-induced c-Jun N-terminal kinase (JNK) activation and ER stress-induced apoptosis. Given these findings, we suggest that Gipie is a regulator of the UPR, protecting cells from apoptosis in the vascular system.

RESULTS
=======

Gipie is a member of the Girdin family of proteins
--------------------------------------------------

In a series of recent reports from our laboratory, we characterized the novel actin-binding protein Girdin (also termed APE, GIV, and HkRP1), which possesses a long coiled-coil domain that spans more than two-thirds of the middle of the protein ([Figure 1A](#F1){ref-type="fig"}) (Enomoto *et al.*, [@B6], [@B7]). The coiled-coil domain of Girdin is flanked by unique amino (N)-terminal and C-terminal domains that lack similarity to any known functional domains. A BLAST search of the human genome and expressed sequence tag (EST) database for sequences related to Girdin identified two additional paralogues: dishevelled-associating protein with a high frequency of leucine residues (Daple) and a novel protein named Gipie. The full-length cDNA of Gipie, a transcript of the human *CCDC88B* gene, encodes a novel 1476-amino-acid protein, which is shorter than Girdin and Daple by 395 and 540 amino acid residues, respectively ([Figure 1A](#F1){ref-type="fig"}). These three proteins share a conserved N-terminal domain and a central coiled-coil domain, but they diverge at the C-terminal domains, which may define their distinctive functions.

![Primary structure of Gipie and its expression in endothelial cells. (A) Schematic presentation of primary structures of Gipie and the Girdin family of proteins. Gipie can be divided into three domains. The N-terminal domain (NT) and central coiled-coil domain show high homologies (22.5 and 25.9%, 55.6 and 61.1%, respectively) with those of the Girdin family of proteins, Girdin and Daple. In contrast, the C-terminal domain (CT) of Gipie with unknown function shows remote similarities (3.4 and 5.7%) with those of the Girdin family of proteins. (B and C) Endogenous expression of Gipie in HUVECs (B) and U937 cells (C). Lysates from HUVECs or U937 cells transfected with either control or Gipie-specific siRNA were subjected to Western blot analysis (WB) using anti-Gipie antibody (left panels) or control rabbit IgG (right panels). Arrows denote the bands corresponding to Gipie. (D) Expression of Gipie in endothelial cells in vivo. A frozen-fixed section of mouse heart was stained with anti-Gipie (green) and anti--PECAM-1 (red) antibodies. Nuclei were visualized by DAPI staining (blue). Arrows denote the colocalization of Gipie and PECAM-1 in endothelial cells of the vessel. Scale bar: 100 μm.](736fig1){#F1}

Expression of Gipie in endothelial cells
----------------------------------------

Reverse transcription-PCR (RT-PCR) analyses using total RNA extracted from various mouse tissues indicated ubiquitous expression of Gipie in all postnatal (P2) and adult (P56) mouse tissues analyzed, with high expression in liver, spleen, and heart at P2 and in bone marrow and heart at P56 (Supplemental Figure S1A). To facilitate further investigations of Gipie, we generated a polyclonal antibody which was raised against its 18 C-terminal amino acids. Western blot analysis revealed that the anti-Gipie antibody recognized a 170 kDa band in total cell lysates from human umbilical vein endothelial cells (HUVECs) ([Figure 1B](#F1){ref-type="fig"}). The 170 kDa band was less prominent in lysates from HUVECs transfected with Gipie-specific small interfering RNA (siRNA), indicating the specificity of the antibody ([Figure 1B](#F1){ref-type="fig"}). We also screened multiple cell lines derived from various tissues and malignant tumors for expression of Gipie by both Western blot analysis and RT-PCR. These experiments showed that Gipie was also expressed in human myeloid and monocytoid leukemic cell lines U937 ([Figure 1C](#F1){ref-type="fig"}), HL-60, and THP-1 (Supplemental Figure S1B). None of the epithelial and mesenchymal cell lines and none of the tumor cells that we examined (COS7, HEK293, HeLa \[adenocarcinoma\], HT1080 \[fibrosarcoma\], A549 \[squamous cell carcinoma\], TGW \[neuroblastoma\], and SW480 \[adenocarcinoma\] cells) expressed detectable levels of Gipie (Supplemental Figure S1B). Given the expression of Gipie in HUVECs ([Figure 1B](#F1){ref-type="fig"}) and human coronary artery endothelial cells (HCAECs, Supplemental Figure S1B), we used immunofluorescent staining to examine the expression of Gipie in the endothelia of vessels in mouse heart sections ([Figure 1D](#F1){ref-type="fig"}). Gipie expression was detected in the vascular endothelium, which also stained positively for platelet endothelial cell adhesion molecule-1 (PECAM-1, CD31, indicating that Gipie is normally expressed by vascular endothelial cells in vivo.

Gipie is localized in the Golgi apparatus and ER
------------------------------------------------

To elucidate the subcellular localization of Gipie, we performed fluorescence immunocytochemistry ([Figure 2](#F2){ref-type="fig"}, A--C). In both HUVECs and U937 cells, anti-Gipie antibody yielded a perinuclear and a cytoplasmic lacelike staining pattern, suggesting that Gipie was expressed in both the Golgi apparatus and the ER ([Figure 2](#F2){ref-type="fig"}, A and B). This subcellular localization of Gipie was further examined by double-staining, which revealed that the majority of Gipie was colocalized with GM130, a marker protein for the Golgi apparatus, and protein disulfide isomerase (PDI), a marker protein for ER ([Figure 2](#F2){ref-type="fig"}, A and B). Whereas Gipie and GM130 were almost always colocalized, Gipie and PDI displayed a somewhat different staining pattern ([Figure 2B](#F2){ref-type="fig"}). Coimmunoprecipitation experiments also failed to detect the association of Gipie with PDI in HUVECs (Supplemental Figure S2). These data indicate that Gipie does not interact with PDI directly and functions with other partners to form a protein complex in the ER.

![Subcellular localization of Gipie. (A) Localization of endogenous Gipie in the Golgi apparatus and the cytoplasm. U937 cells and HUVECs were fixed and stained with anti-Gipie (green) and anti-GM130 (red) antibodies, showing the localization of Gipie in GM130-positive Golgi apparatus (arrows) and the cytoplasm. The regions within the white boxes are shown at a higher magnification in adjacent lower panels. Shown in the bottom panels is the localization of Gipie in HUVECs treated with BFA at 30 nmol/l for 30 min. Scale bars: 10 μm. (B) Localization of endogenous Gipie in the ER in HUVECs. HUVECs were fixed and stained with anti-Gipie (green) and anti-PDI (red) antibodies, showing coincident or adjacent localization of Gipie and PDI in the ER. Scale bars: 10 μm (top panel), 1 μm (bottom panel). (C) Localization of exogenous Gipie in COS7 cells. COS7 cells, which lack endogenous expression of Gipie, were transfected with Gipie tagged with the V5 epitope, followed by immunostaining with anti-V5 (green) and GM130 (red) antibodies. Scale bar: 10 μm. (D) HUVECs were transfected with Gipie-specific siRNA and stained with the indicated antibodies. The staining of Gipie in the Golgi apparatus and ER was significantly decreased in Gipie-depleted HUVECs, showing the specificity of the anti-Gipie antibody. Scale bars: 10 μm. (E) Gipie expression in the fractions containing the ER and the Golgi apparatus. Equal amounts of proteins from each subcellular fraction were analyzed by Western blotting using the indicated antibodies. W, whole cell lysate; G, Golgi apparatus.](736fig2){#F2}

The specificity of Gipie staining was also shown by incubating HUVECs with brefeldin A (BFA), which specifically blocks protein transport from ER to the Golgi apparatus and causes the absorption of Golgi membranes into the ER (Lippincott-Schwartz *et al.*, [@B19]). In cells treated with BFA (30 ng/ml), the Golgi apparatus displayed fragmentation and reorganization of the tubular networks around the nucleus, whereas Gipie signals merged with GM130 (bottom panels in [Figure 2A](#F2){ref-type="fig"}), again confirming that Gipie is localized in the Golgi apparatus.

We observed that exogenously expressed Gipie tagged with the V5 epitope (Gipie-V5) also localized in the Golgi apparatus and the cytoplasm in COS7 cells ([Figure 2C](#F2){ref-type="fig"}). Finally, when HUVECs were transfected with siRNA specific for human Gipie, the Gipie signals merged with the Golgi apparatus and ER in control cells almost disappeared ([Figure 2D](#F2){ref-type="fig"}), indicating the specificity of the Gipie antibody.

To further confirm the localization of Gipie in the Golgi apparatus and ER, we analyzed the expression of Gipie in subcellular fractions obtained by differential centrifugation of HUVEC lysates. The ER and Golgi fractions were monitored using antibodies against PDI and GM130, respectively. Gipie expression was detected in both the ER and Golgi fractions ([Figure 2E](#F2){ref-type="fig"}).

Identification of Gipie interacting proteins
--------------------------------------------

Proteins specifically captured in Gipie immunoprecipitates were collected from U937 cell extracts and eluted with high salt buffer (NaCl at 0.5 mol/l) and analyzed by capillary liquid chromatography followed by tandem mass spectrometry (LC--MS/MS) after trypsin digestion. The majority of peptides identified unambiguously in the Gipie immunoprecipitates included GRP78, sorting nexin, lymphocyte-specific protein 1, nucleolin, and cathepsin Z.

We focused further on the interaction between Gipie and GRP78, which is an ER chaperone that displays subcellular localization similar to Gipie and has pivotal roles in ER homeostasis (Liu *et al.*, [@B20]). Validation of GRP78 as an interactant with Gipie was obtained by coimmunoprecipitation experiments using extracts from HUVECs as well as U937 cells which showed that endogenous Gipie interacts with GRP78 ([Figure 3A](#F3){ref-type="fig"}). Other members of the Girdin family of proteins, Girdin and Daple, did not interact with GRP78, suggesting that the interaction was specific to Gipie (Supplemental Figure S3A). In immunofluorescence studies using HUVECs, cytoplasmic staining of Gipie partially overlapped with the signals obtained by anti-KDEL antibody. The latter recognizes the C-terminal ER retrieval sequence (Lys-Asp-Glu-Leu) and preferentially detects GRP78 and GRP94 ([Figure 3B](#F3){ref-type="fig"}). These results imply that endogenous Gipie associates with endogenous GRP78 in the ER.

![Interaction of Gipie with GRP78. (A) Interaction of endogenous Gipie and GRP78. Lysates from U937 cells (left panels) and HUVECs (right panels) were immunoprecipitated with anti-Gipie, anti-GRP78, and normal rabbit IgG antibodies, followed by Western blot analysis using the indicated antibodies. (B) Colocalization of Gipie with GRP78 in HUVECs. HUVECs were fixed and stained with anti-Gipie (green) and anti-KDEL (red) antibodies, showing the localization of Gipie in GRP78-positive ER structures (white box). Scale bars: 10 μm (top panel), 1 μm (bottom panel). (C) Fragments of Gipie tagged with the V5 epitope used in this study. (D) The C-terminal domain (CT) of Gipie is required for interaction with GRP78. Lysates from COS7 cells transfected with fragments of Gipie were immunoprecipitated with anti-V5 antibody, followed by Western blot analysis with anti-KDEL antibody (bottom panels). Expression of Gipie and GRP78 fragments was monitored by Western blot analysis using the indicated antibodies (top and middle panels, respectively). TCL, total cell lysates. CT-V5, C-terminal fragment of Gipie. NT-CC-V5, the mutant lacking the C-terminal fragment of Gipie.](736fig3){#F3}

To identify the GRP78-binding domain in Gipie, we generated deletion mutants of Gipie fused with the V5 epitope ([Figure 3C](#F3){ref-type="fig"}). Cotransfection experiments indicated that full-length Gipie and its C-terminal fragment (Gipie-CT-V5), but not the mutant lacking the C-terminal fragment (Gipie-NT-CC-V5), interact with GRP78, indicating that Gipie binds to GRP78 through its C-terminal domain ([Figure 3D](#F3){ref-type="fig"}).

Expression of Gipie is induced by ER stress
-------------------------------------------

GRP78 was first identified as a eukaryotic cell protein which was up-regulated by depletion of glucose (Shiu *et al.*, [@B28]). GRP78 functions as an ER molecular chaperone and as a calcium-binding protein, and it has been used extensively as a biomarker for activation of the UPR pathway (Hendershot, [@B13]). To examine whether the expression of Gipie is transcriptionally regulated in a similar way, we investigated the expression of Gipie following ER stress induced by chemical reagents. HUVECs were cultured for 8 h in the absence or presence of thapsigargin (TG), a specific blocker of ER calcium ATPase pumps, at 0.5 or 1 μmol/l. Following treatment with TG, the expression of Gipie was significantly increased (up to twofold or more) in parallel with the increase of GRP78 expression ([Figure 4](#F4){ref-type="fig"}, A and B). The expression of Gipie was also moderately but reproducibly increased in HUVECs treated with other ER stressors, tunicamycin, homocysteine, and dithiothreitol (DTT), a reversible inhibitor of protein folding in the ER ([Figure 4C](#F4){ref-type="fig"}). Thus Gipie expression seems to be regulated by ER stress through a mechanism yet to be identified. The TG treatment had no significant effects on subcellular localization of Gipie in HUVECs, with little increase in the expression of Gipie at the cell periphery ([Figure 4D](#F4){ref-type="fig"}). Expression levels of Girdin and Daple were not significantly changed by TG-induced ER stress (Supplemental Figure S3, B and C).

![Induced expression of Gipie in HUVECs by ER stress. (A) Induction of Gipie expression in HUVECs by ER stress. HUVECs were incubated with TG at 0.5 or 1 μmol/l for 8 h. Total cell lysates were subjected to Western blot analysis with the indicated antibodies. (B) Expression levels of Gipie (top panel) and GRP78 (bottom panel) shown in (A) were quantified by densitometric scanning. The values are presented as the fold increase in expression relative to the control. Asterisks indicate significant differences (\*p \< 0.05; \*\*p \< 0.01, *t* test). (C) Induction of Gipie expression in HUVECs by various ER stressors. Total cell lysates from HUVECs untreated or treated with TG at 1 μmol/l, tunicamycin at 10 μmol/l, homocysteine at 10 mmol/l, or DTT at 2 mmol/l for 8 h were subjected to Western blot analysis with the indicated antibodies. (D) Negligible effects of TG on subcellular localization of Gipie in HUVECs. HUVECs incubated with or without TG at 1 μmol/l for 8 h were fixed and stained with anti-Gipie (green) and anti-KDEL (red) antibodies. Scale bars: 10 μm.](736fig4){#F4}

Gipie regulates the association between GRP78 and IRE1
------------------------------------------------------

In mammalian cells, the UPR pathway is initiated by three prototypical ER-localized stress sensors: IRE1, PERK, and ATF6. These sensor proteins bind to GRP78 under normal conditions but they dissociate when unfolded proteins accumulate during ER stress, which in turn activates various signaling cascades characteristic of the UPR pathway. After being activated, IRE1 recruits the adaptor protein tumor necrosis factor receptor--associated factor 2 (TRAF2) and apoptosis signal-regulating kinase 1 (ASK1) to the ER membrane, which subsequently activates ASK1 and the JNK pathway, leading to cell death (Urano *et al.*, [@B31]). Other UPR pathway steps include the phosphorylation of serine-51 of eukaryotic initiation factor 2α (eIF2α) by active PERK, which results in the global inhibition of protein synthesis (Schröder and Kaufman, [@B25]). Also, proteolytic processing of activated ATF6 releases a 50 kDa cytosolic basic leucine zipper transcription factor that translocates into the nucleus to bind to several different promoter elements in various UPR genes (Haze *et al.*, [@B11]).

To test whether Gipie was involved in the UPR pathway, HUVECs were transfected with either Gipie or control vector and were then incubated with TG at 1 μmol/l. Phosphorylation of JNK and eIF2α was examined by Western blot analysis ([Figure 5A](#F5){ref-type="fig"}). The phosphorylation level of eIF2α in Gipie-transfected cells was comparable to that in empty vector-transfected cells, whereas JNK phosphorylation was moderately attenuated in Gipie-expressing cells compared with empty vector-transfected cells ([Figure 5A](#F5){ref-type="fig"}). These data show that Gipie opposes IRE1-mediated JNK activation in ER stress conditions. We could not test the role of Gipie in the cleavage of ATF6 in the UPR pathway in this study because antibody for the detection of cleaved ATF6 was not commercially available.

![Gipie regulates the interaction between GRP78 and IRE1, and also ER stress-induced apoptosis. (A) Gipie suppressed ER stress-induced phosphorylation of JNK but not that of elF2α. Nontransfected (control) HUVECs or cells transfected with either Gipie or V5 empty vector were treated with TG at 1 μmol/l for 8 h, and total cell lysates were subjected to Western blot analysis using the indicated antibodies. (B) Regulation of GRP78 interaction with IRE1 by Gipie. Total cell lysates and GRP78 immunoprecipitates from nontransfected HUVECs or cells transfected with either Gipie or V5 empty vector were subjected to Western blot analysis using the indicated antibodies. Note that the amount of IRE1 detected in the GRP78 immunoprecipitates was increased by the transfection of Gipie (asterisk). In the right panels, the amounts of IRE1, ATF6, and PERK detected in the GRP78 immunoprecipitates shown in the left panels were quantified by densitometric scanning, and the values are presented as the fold increase in expression relative to the control (\**p* \< 0.05; \*\*not significant \[N.S.\], *t* test). (C) Effects of Gipie on ER stress-induced expression of CHOP. Total cell lysates from HUVECs that had been transfected with either Gipie or V5 empty vector were subsequently treated with TG at 1 μmol/l for 8 h and analyzed by Western blotting using anti-CHOP antibody. In the bottom panel, the amounts of CHOP were quantified by densitometric scanning, and the values are presented as the fold increase in expression relative to the control. An asterisk indicates a significant difference (\*p \< 0.05, *t* test). (D) Effects of Gipie on ER stress-induced apoptosis. HUVECs transfected with either Gipie or V5 empty vector were incubated with TG at 1 μmol/l for 8 h, followed by annexin V staining (green) to detect apoptotic cells. In the right panel, the percentage of annexin V--positive cells was quantified. An asterisk indicates a statistically significant difference (\**p* \< 0.05, *t* test). (E and F) Effects of endogenous Gipie depletion on JNK phosphorylation (E) and the interaction between GRP78 and IRE1 (F) Nontransfected HUVECs or cells transfected with either control or Gipie-specific siRNA were collected. Total cell lysates and GRP78 immunoprecipitates were subjected to Western blot analysis using the indicated antibodies. In the bottom panel of (F), the amounts of IRE1 detected in the GRP78 immunoprecipitates were quantified by densitometric scanning, and the values are presented as the fold increase in expression relative to the control. An asterisk indicates statistically significant difference (\**p* \< 0.05, *t* test). (G) Effects of Gipie-depletion on ER stress-induced expression of CHOP. Total cell lysates from HUVECs that had been transfected with either control or Gipie-specific siRNA were analyzed. An asterisk indicates a statistically significant difference (\**p* \< 0.05, *t* test).](736fig5){#F5}

It was of interest to determine how Gipie attenuated IRE1-mediated JNK activation. HUVECs were transfected with either Gipie or control vector, and immunoprecipitates generated with anti-GRP78 antibody were subjected to Western blot analysis. The results showed that the amount of IRE1 in the GRP78 immunoprecipitates from Gipie-transfected cells was significantly increased relative to that from control cells, without affecting the expression levels of IRE1, PERK, and ATF6 ([Figure 5B](#F5){ref-type="fig"}). In contrast, the amounts of PERK and ATF6 in the GRP78 immunoprecipitates were comparable between Gipie-transfected and control cells. The effects of Gipie on IRE1-mediated JNK activation and IRE1/GRP78 interaction were also demonstrated in COS7 cells that overexpress exogenous Gipie (Supplemental Figure S4).

One possible mechanism for the increase in IRE1/GRP78 interaction is that Gipie regulates the turnover of IRE1, which has been shown to undergo proteasome-dependent degradation (Gao *et al.*, [@B10]). We addressed this possibility by measuring IRE1 protein expression by pulse-chase analysis (Supplemental Figure S5). The exogenous expression of Gipie, however, had no significant effect on the half-life of IRE1, suggesting that Gipie is not involved in proteasome-dependent degradation of IRE1. These data indicate that Gipie, presumably through binding to GRP78, augments and/or stabilizes the GRP78/IRE1 protein complex by yet unidentified mechanisms that ultimately attenuate the release of IRE1 from GRP78 and the phosphorylation of JNK in the UPR pathway.

Effect of Gipie overexpression on ER stress-induced apoptosis
-------------------------------------------------------------

JNK activation downstream of the IRE1/TRAF2/ASK1 signaling pathway triggers proapoptotic signals during continuous ER stress (Urano *et al.*, [@B31]). Therefore we asked whether Gipie had effects on ER stress-induced apoptosis. Active JNK increases the amount of transcription factor C/EBP homologous protein (CHOP) (also termed GADD153), a factor involved in ER stress-induced apoptosis (Wang and Ron, [@B33]; Marciniak *et al.*, [@B21]). We found that transfection of Gipie into HUVECs ([Figure 5C](#F5){ref-type="fig"}) and COS7 cells (Supplemental Figure S4C) decreased the expression of CHOP induced by ER stress. Consistent with this observation, the frequency of ER stress-induced apoptotic cells was lower in Gipie-transfected cells than in controls ([Figure 5D](#F5){ref-type="fig"} and Supplemental Figure S4D). Expression of the NT-CC mutant of Gipie, which lacks the ability to bind to GRP78 ([Figure 3D](#F3){ref-type="fig"}), did not affect CHOP expression or TG-induced apoptosis, indicating that the anti-apoptotic effect of Gipie is mediated by its interaction with GRP78 (Supplemental Figure S6). These data show that Gipie and its interaction with GRP78 regulate ER stress-induced apoptosis by modulating the IRE1/ASK1/JNK signaling pathway.

The function of endogenous Gipie in the UPR pathway was investigated by knock-down experiments in HUVECs. In Gipie-depleted HUVECs, ER stress-induced interaction of GRP78 with IRE1, JNK phosphorylation, and CHOP expression were dysregulated compared with control cells ([Figure 5](#F5){ref-type="fig"}, E--G).

Expression of Gipie in nascent endothelial cells of the carotid artery after balloon injury
-------------------------------------------------------------------------------------------

Given that endothelial cells of large arteries are subject to mechanical stretch and sheer stresses due to blood pressure and flow, it is plausible to consider the perturbation of the UPR pathway as a mechanism for atherosclerosis (Zhou *et al.*, [@B36]). It was demonstrated that elevated GRP78 expressed in endothelial cells has a protective role in the pathogenesis of atherosclerosis (Zhou *et al.*, [@B35]; Bhattacharjee *et al.*, [@B1]; Feaver *et al.*, [@B9]). Considering our findings mentioned earlier in the text, we investigated Gipie's expression in rat carotid artery endothelial cells after balloon injury, a model of endothelial damage and restenosis (Clowes *et al.*, [@B4]; Numaguchi *et al.*, [@B22]). Tissue samples of the carotid arteries before and 2, 4, and 6 wk after balloon injury were stained with anti-Gipie, anti-KDEL, and anti--PECAM-1 antibodies ([Figure 6A](#F6){ref-type="fig"} and Supplemental Figure S7A). The samples were also stained with anti--α-smooth muscle actin (SMA) antibody to show the proliferation of smooth muscle cells in the neointima (Supplemental Figure S7B). We found that Gipie expression increased in the cytoplasm of nascent endothelial cells and neointima 2 wk after balloon injury. The increased expression of Gipie persisted at least 6 wk after the injury ([Figure 6A](#F6){ref-type="fig"}), which parallels GRP78 and CHOP expression ([Figure 6](#F6){ref-type="fig"}, A and B).

![Expression of Gipie in nascent endothelial cells after balloon injury. (A) Paraffin-embedded sections from rat carotid arteries either before or 2, 4, or 6 wk after balloon injury were stained with anti-Gipie (green) and anti-KDEL (red) antibodies. Nuclei were visualized with DAPI staining (blue). The regions within the white boxes (a and b) are shown at a higher magnification in bottom panels. Note that Gipie expression is significantly increased in endothelial cells and neointima of the artery after the balloon injury. Scale bars: 200 μm. (B) Paraffin-embedded sections from rat carotid arteries either before or 6 wk after balloon injury were stained with anti-Gipie (green) and anti-CHOP (red) antibodies. The regions within the white boxes (a and b) are shown at a higher magnification in bottom panels. Three rats were analyzed in each group. Scale bars: 200 μm. (C) Protein extracts from carotid arteries either before or 6 wk after the balloon injury were subjected to Western blot analysis with anti-Gipie, anti-GRP78, anti-CHOP, and anti--β-actin antibodies.](736fig6){#F6}

After balloon injury (6 wk), the expression of Gipie was moderately but significantly higher in protein samples collected from carotid arteries than in those from control arteries, paralleling the increase of GRP78 and CHOP ([Figure 6C](#F6){ref-type="fig"}). Those results agreed with immunofluorescence findings. Thus the data imply that induced GRP78 and Gipie have important roles in ER homeostasis and/or protecting endothelial cells against apoptosis during their regeneration after balloon injury.

Expression of Gipie in endothelial cells in the inner curvature of the aortic arch
----------------------------------------------------------------------------------

Hemodynamically induced shear stress generates various mechanical signals, which put endothelial cells at risk for developing atherosclerosis. Considering that GRP78 is up-regulated by mechanical shear stress and is expressed at greater levels at the inner curvature of the aortic arch with disturbed flow patterns than the outer curvature (Feaver *et al.*, [@B9]), we stained aortic tissue samples from adult P56 mice with anti-Gipie and anti-KDEL antibodies ([Figure 7](#F7){ref-type="fig"}). Consistent with the previous study, GRP78 was highly expressed in endothelial cells of the inner curvature but not the outer curvature of the aortic arch, which paralleled the increased expression of Gipie. In the ascending aorta, the increased expression of both Gipie and GRP78 was not evident in either of the lateral walls of the aorta ([Figure 7](#F7){ref-type="fig"}). These data indicate that Gipie expression may be regulated by mechanical shear stress that induces the UPR in atheroprone regions of the vasculature in vivo.

![Expression of Gipie in the inner curvature of the aortic arch. Paraffin-embedded sections from the aortic arch (top panels) and the ascending aorta (bottom panel) of adult C56BL/6 P56 mice were stained with anti-Gipie (green) and anti-KDEL (red) antibodies. Nuclei were visualized with DAPI staining (blue). Scale bars: 200 μm. The regions within the white boxes in the aortic arch (a, outer curvature; b, inner curvature) are shown at a higher magnification in bottom panels. Three mice were analyzed. Scale bars: 20 μm (in a and b). Arrows in aortic arch indicate endothelial cells with high levels of Gipie expression. Arrowheads in ascending aorta indicate the lateral walls.](736fig7){#F7}

DISCUSSION
==========

We describe here the identification and physiological role of Gipie, a member of the Girdin family of proteins. We showed that Gipie is present in the ER and the Golgi apparatus in endothelial cells where it associates with the ER chaperone GRP78 to regulate ER stress-induced apoptosis.

Of all the cells constituting the vascular system, endothelial cells have the greatest susceptibility to injury induced by mechanical forces, reactive oxygen species, and hypoxia, all of which are transduced into biological responses via the UPR pathway (VanderLaan *et al.*, [@B32]). Cytoprotective responses of chaperone proteins such as GRP78 reduce cellular injury from misfolded proteins and promote cell survival. The mechanism by which endothelial cells differentially regulate cytoprotective or proapoptotic signaling responses, however, has been obscure (Xu *et al.*, [@B34]). Our study showed that Gipie has a cytoprotective effect against ER stress conditions. This novel mechanism appears to protect endothelial cells against ER stress.

An intriguing observation presented here is that expression of Gipie is up-regulated by inducers of ER stress. An accompanying finding is that the up-regulation of Gipie expression may be implicated in the pathogenesis of restenosis after balloon injury of the carotid arteries ([Figure 6](#F6){ref-type="fig"}) and atherogenic response occurring in atheroprone regions of the vasculature ([Figure 7](#F7){ref-type="fig"}). At present, the regulatory mechanisms responsible for the induction of Gipie expression are unknown and require further investigation. It is possible that the up-regulation of Gipie gene expression is mediated by transmembrane integrin receptors and/or stretch-activated ion channels used by cells to sense mechanical changes and initiate intracellular responses (Shyy and Chien, [@B29]). In preliminary experiments using uniaxial cyclical mechanical stretch, we examined the levels of Gipie expression in HUVECs cultured on fibronectin-coated silicon membranes. No effects were apparent (Supplemental Figure S8), indicating that other mechanisms and factors are responsible for the induction of Gipie expression in the context of balloon injury and the inner curvature of the aortic arch.

Our data showed that Gipie interacts with GRP78 and enhances the interaction between GRP78 and IRE1. This interaction attenuated the IRE1/ASK1/JNK signaling pathway and consequent expression of CHOP, leading to decreased apoptosis ([Figure 8](#F8){ref-type="fig"}). In contrast, Gipie had no effect on the splicing of the transcription factor X-box binding protein 1 (XBP-1), which is an effector of IRE1 (Supplemental Figure S9) (Calfon *et al.*, [@B3]). The mechanism by which Gipie regulates GRP78/IRE1 interaction remains unclear. In the current study, we were unable to detect an association of Gipie with IRE1 by coimmunoprecipitation experiments, indicating that Gipie may not directly interact with IRE1 in cells (unpublished data). It is possible that, upon binding with Gipie, GRP78 undergoes a conformational change that stabilizes its interaction with IRE1. In addition, Gipie did not significantly influence the interaction of GRP78 with PERK and ATF6, indicating that regulation of GRP78 function by Gipie appears to be more complex ([Figure 5](#F5){ref-type="fig"}).

![Proposed model of Gipie-mediated modulation of the UPR pathway in endothelial cells. In cells exposed to persistent ER stresses, the expression of Gipie was induced to regulate the interaction of GRP78 and IRE1, resulting in a protective role against apoptotic cell death by regulating JNK activation and ER stress-induced expression of CHOP.](736fig8){#F8}

Expression of Gipie has been detected in all tissues examined, although at varying levels. Our histological data, however, revealed its limited expression in endothelial cells of the vessels. Considering that ER stress-mediated endothelial dysfunction is assumed to represent an early step in atherosclerosis, it is significant that endothelial cells' expression of Gipie (as in the case of GRP78) was up-regulated in the context of balloon injury models and the native conditions of mechanical shear stress. Thus Gipie may be a potential target for pharmacological treatment of human atherosclerosis, although it is important to determine how induced expression of Gipie impacts the pathogenesis of atherosclerotic lesions. To address the question, its biological functions should be studied in in vivo contexts in which cell-signaling events play important roles. In this regard, generation of Gipie gene-deficient animals will prove crucial. This strategy will also improve our understanding of the function of Gipie in the hematopoietic system, where Gipie was found to be preferentially expressed based on the analysis of numerous EST clones in the GenBank database.

MATERIALS AND METHODS
=====================

Cloning of mouse Gipie
----------------------

A cDNA encoding a full-length mouse Gipie (4100 base pairs) was isolated from an EST clone (MMM1013--7510332; GenBank accession no. BC038890) obtained from Open Biosystems (Huntsville, AL). The cDNA was amplified by PCR with introduction of appropriate restriction enzyme sites in the primers, and was introduced into the pGEM-11Zf cloning vector (Promega, Madison, WI). A V5 tag was fused to the carboxy terminus of the protein.

Plasmids and antibodies
-----------------------

The cDNA for mouse IRE1β was provided by H. Nishitoh and H. Ichijyo (Tokyo University, Tokyo, Japan). Rabbit anti-Gipie polyclonal antibody was developed against the 18 carboxyl-terminal amino acids of Gipie and affinity-purified with the immunopeptide. It was raised by immunizing rabbits with a keyhole limpet hemocyanin--conjugated peptide of Gipie. Antiserum was purified as a bound fraction of the peptide-conjugated column. Other antibodies used in this study include anti-GRP78 and anti-KDEL mouse monoclonal antibodies (mAbs) (Stressgene, Victoria, BC, Canada); anti-GRP78, anti-PERK, and anti-PDI rabbit polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA); anti-PDI and anti-CHOP mouse mAbs (Affinity BioReagents, Golden, CO); anti-GM130 and PECAM-1 mouse mAbs (BD Bioscience PharMingen, San Diego, CA); anti-IRE1 mouse mAb (MoBiTec GmbH, Gottingen, Germany); anti-ATF6 rabbit polyclonal antibody (LifeSpan Bioscience, Seattle, WA); anti-PERK and anti-PDI rabbit polyclonal antibodies (Santa Cruz Biotechnology); anti-eIF2α mouse mAb, anti--phospho-eIF2α (Ser51) rabbit mAb, anti-JNK, anti--phospho-JNK (Thr183/Tyr185) rabbit polyclonal antibodies, and anti-CHOP mouse mAb (Cell Signaling Technology, Beverly, MA); anti--α-SMA and anti--β-actin mouse mAbs (Sigma-Aldrich, St. Louis, MO); and anti-HaloTag rabbit polyclonal antibody (Promega).

Culture of cell lines and primary endothelial cells
---------------------------------------------------

COS7 and U937 cells, purchased from the American Type Culture Collection (ATCC; Rockville, MD), were cultured at 37ºC in a humidified atmosphere of 5% CO~2~. COS7 cells were grown in DMEM supplemented with 5% fetal bovine serum (FBS), whereas U937 cells were cultured in RPMI 1640 supplemented with 10% FBS. HUVECs obtained from Lonza (Basel, Switzerland) were cultured in endothelial medium-2 (EBM2, Lonza) supplemented with EGM-2-MV-SingleQuots (Lonza) containing vascular endothelial growth factor A on plates coated with 2% (wt/vol) gelatin in a humidified 37°C incubator with 5% CO~2~. HUVECs from passages three to five were used in this study.

Semiquantitative RT-PCR
-----------------------

For semiquantitative analyses of Gipie and β-actin transcripts, total RNAs from normal tissues of P2 and P56 C57BL/6 mice were isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA transcripts were then generated using Superscript II reverse transcriptase (Invitrogen, San Diego, CA). RT-PCR was performed with primers specific to mouse Gipie (sense, 5′-ACAAG­GTGAAGAGGCTCATTCG -3′; antisense, 5′-ACAGAATCACTGGCTGAGGGAA-3′), human Gipie (sense, 5′-AGACGGAGCTTCCTGAGGGCAG-3′; antisense, 5′-ACGGTGTCACTGGCTGAGGGA -3′), human XBP-1(sense, 5′-CCTTGTAGTTGAGAACCAGG-3′; antisense, 5′-GGGG­CTTGGT­ATATATG-TGG-3′), mouse β-actin (sense, 5′-TGGAATCCTGTGGCATCCATGAA­AC-3′; antisense, 5′-TAAAACGCAGCTCAGTAACAGTCCG-3′), human β-actin (sense, 5′-ACTCTTCCAGCCTTCCTTCC-3′; antisense, 5′-CGTCATACTCCTGCTTG­CTG -3′).

Western blot analysis
---------------------

Cells cultured under various conditions were washed with phosphate-buffered saline (PBS) (sodium phosphate at 10 mmol/l, NaCl at 150 mmol/l, pH 7.4). After washing, cells were lysed with SDS sample buffer (Tris-HCl at 10 mmol/l, 2% SDS, DTT at 50 mmol/l, EDTA at 2 mmol/l, 0.02% bromophenol blue, 6% glycerol, pH 6.8) and treated at 97ºC for 5 min. Samples were separated by SDS--PAGE. Proteins were transferred to polyvinylidene fluoride membranes (Immobilon; Millipore, Bedford, MA), blocked in 5% milk in PBS containing 0.05% Tween 20, incubated with primary antibodies, and detected by horseradish peroxidase--conjugated secondary antibodies (Dako, Carpinteria, CA). In some experiments, the primary antibodies were diluted with Can-Get-Signal Solution 1 (TOYOBO, Osaka, Japan) to enhance antibody--antigen binding.

Immunoprecipitation
-------------------

The cell lysates were immunoprecipitated with 5 to 10 μl of the indicated antibodies for 2 to 8 h at 4ºC, followed by incubation with 10% Protein A slurry (Sigma) for 4 h with intermittent mixing. All immunoprecipitates were washed five times with low salt buffer (NaCl at 0.15 mol/l, EDTA at 5 mmol/l, Tris-HCl at 20 mmol/l, pH 7.5) and then eluted with high salt buffer (NaCl at 0.5 mol/l, EDTA at 5 mmol/l, Tris-HCl at 20 mmol/l, pH 7.5). Eluates were analyzed by SDS--PAGE, followed by Western blot analysis.

Subcellular fractionation
-------------------------

Cultured HUVECs were collected in cold sucrose buffer (250 mM sucrose, 2 mM EDTA, 0.5 mM EGTA, 10 mM DTT, 10 mM Tris-HCl, pH 7.4) and homogenized in a Kontes Dounce tissue grinder. Differential centrifugation rounds were performed to separate the fractions of the nuclei (500 × *g*), ER (7600 × *g*), and Golgi apparatus (80,000 × *g*). The lysates of each fraction were analyzed by Western blot analysis using anti-PDI (a marker protein of ER), anti-GM130 (a marker protein of Golgi apparatus), and anti-Gipie antibodies.

RNA interference
----------------

siRNA-mediated knock down of Gipie protein expression was performed using a previously described method (Enomoto *et al.*, [@B6]). The 21-nucleotide synthetic duplexes were purchased from Qiagen. The targeted sequence that effectively silenced human Gipie expression was 5′-TGGGCTGATCTTGAGCCTTAA-3′ (sense sequence). HUVECs were transfected with either the Gipie-specific siRNA or 21-nucleotide control siRNA (Qiagen) using Lipofectamine 2000 according to the manufacturer's protocol.

Mass spectrometric analysis (LC/MS/MS)
--------------------------------------

After immunoprecipitation, proteins eluted with the high salt buffer were first precipitated using TCA to remove salts, dissolved in guanidine hydrochloride at 7 mol/l in Tris-HCl buffer (0.5 mol/l, pH 8.5), reduced with DTT at 10 mmol/l for 30 min at room temperature and alkylated with iodoacetamide at 55 mmol/l for 1 h at room temperature. The resulting protein solution was digested by addition of gold grade trypsin (Promega) at 10 ng/μl and overnight incubation at 37ºC. Peptide samples were analyzed by nanoflow high performace liquid chromatography--microelectrospray ionization on an LTQ mass spectrometer (Thermo Fisher Scientific, Waltham, MA).

Fluorescence immunocytochemistry
--------------------------------

HUVECs and COS7 cells grown on glass base dishes were fixed in 4% (wt/vol) paraformaldehyde, permeabilized with PBS containing 0.05% (vol/vol) Triton X-100, incubated with antibodies, and then stained with Alexa 488/594-conjugated goat anti--mouse or anti--rabbit immunoglobulin (Ig) G (Invitrogen). After washing in PBS, fluorescence was visualized with a confocal laser scanning microscope (FLUOVIEW FV500; Olympus, Tokyo, Japan).

Apoptosis assay
---------------

HUVECs or COS7 cells transfected with either control or Gipie-V5 were treated with 1 mmol/l TG (Sigma) for 8 h, and the induction of apoptosis was analyzed by Alexa 488--conjugated annexin V (Invitrogen) according to the protocol provided by the manufacturer. In the assay, annexin V, a calcium-dependent phospholipid-binding protein with a high affinity for phosphatidylserine, was used to detect early-stage apoptosis. The nuclei of the cells were detected by staining with the DNA fluorochrome 4′-6-diamidine-2-phenyl indole (DAPI). Determinations were made in three separate experiments, and the frequency of apoptosis per ∼100 cells was measured.

Pulse-chase assay
-----------------

HaloTag interchangeable labeling technology (Promega) was used to assess the stability of IRE1 protein. IRE1β cDNA was introduced into the pFc14K HaloTag CMV Flexi vector (Promega). COS7 cells transfected with IRE1β-HaloTag vector and either Gipie-V5 vector or V5 empty vector were pulse-labeled with HaloTag TMR (tetramethylrhodamine) ligand at 5 μmol/l (Promega) for 10 min. After washing three times with PBS at 37ºC, cells were chased in DMEM containing 8% FBS in the presence or absence of 10 μM MG132 for the indicated time. Cells were lysed in SDS sample buffer and subjected to SDS--PAGE. The HaloTag TMR ligand-labeled IRE1β was visualized with a fluorescence image analyzer (LAS 4010; GE Healthcare UK, Little Chalfont, UK).

Carotid balloon injury in rats
------------------------------

Six-month-old male Wistar rats were maintained on a 12-h light/dark cycle at 24ºC. All procedures were performed according to protocols approved by the Institutional Committee for the Care and Use of Laboratory Animals, Nagoya University School of Medicine. Rats underwent anesthesia with thiopental, and carotid injury was generated by a 2 French Fogarty balloon catheter. The catheter was inserted through an incision made in the external carotid artery and advanced along the length of the carotid artery to the aortic arch. The balloon was inflated and passed three times. Then the balloon catheter was removed, and the external carotid artery was permanently ligated. Six weeks after balloon injury, animals were killed and the carotid was collected free of adventitia. For immunohistological analysis, tissue fragments were fixed in 4% buffered formaldehyde, embedded in paraffin. The sections were stained with anti-Gipie, anti-KDEL, anti--α-SMA, or anti--PECAM-1 antibodies and analyzed by confocal laser scanning microscopy. In these experiments, tissue sections of the carotid arteries from three rats before and after the balloon injury were evaluated, and representative images from three independent immunohistological experiments are shown. For the measurements of protein levels of Gipie, GRP78, and CHOP in total extracts from the carotid artery, the arteries were excised and immediately homogenized in ice-cold buffer (HEPES at 5 mmol/l, pH 7.9, containing 26% \[vol/vol\] glycerol, MgCl~2~ at 1.5 mmol/l, EDTA at 0.2 mmol/l, DTT at 0.5 mmol/l, phenylmethylsulfonyl fluoride at 0.5 mmol/l, NaCl at 300 mmol/l) and incubated on ice for 30 min. After centrifugation at 100,000 *g* at 4ºC for 20 min, the supernatant was mixed with SDS sample buffer and subjected to Western blot analysis.

Data analysis
-------------

Data are presented as the means ± SE. Statistical significance was evaluated with Student's *t* test.
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ASK1

:   apoptosis signal-regulating kinase 1

ATF6

:   activating transcription factor 6

BFA

:   brefeldin A

CHOP

:   C/EBP homologous protein

DAPI

:   DNA fluorochrome 4′-6-diamidine-2-phenyl indole

Daple

:   dishevelled-associating protein with a high frequency of leucine residues

DTT

:   dithiothreitol

eIF2α

:   eukaryotic initiation factor 2α

ER

:   endoplasmic reticulum

EST

:   expressed sequence tag

Gipie

:   GRP78-interacting protein induced by ER stress

GRP78

:   78 kDa glucose-regulated protein

HUVECs

:   human umbilical vein endothelial cells

IRE1

:   inositol-requiring protein 1

JNK

:   c-Jun N-terminal kinase

LC--MS/MS

:   liquid chromatography followed by tandem mass spectrometry

mAb

:   monoclonal antibody

PDI

:   protein disulfide isomerase

PERK

:   PKR-like ER kinase

PKR

:   protein kinase regulated by RNA

RT-PCR

:   reverse transcription-PCR

siRNA

:   small interfering RNA

SMA

:   smooth muscle actin

TG

:   thapsigargin

TRAF2

:   tumor necrosis factor receptor--associated factor 2

UPR

:   unfolded protein response

XBP-1

:   X-box binding protein 1
